The sticholysin family of pore-forming toxins induces the mixing of lipids in membrane domains  by Ros, Uris et al.
Biochimica et Biophysica Acta 1828 (2013) 2757–2762
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamemThe sticholysin family of pore-forming toxins induces themixing of lipids
in membrane domainsUris Ros a, Michelle A. Edwards b, Raquel F. Epand c, Maria E. Lanio a, Shirley Schreier d, Christopher M. Yip b,
Carlos Alvarez a, Richard M. Epand c,⁎
a Center for Protein Studies, Biology Faculty, University of Havana, Havana CP 10400, Cuba
b Institute of Biomaterials and Biomedical Engineering, Terrence Donnelly Centre for Cellular and Biomolecular Research, University of Toronto, Toronto M5S 3E1, Canada
c Department of Biochemistry and Biomedical Sciences, McMaster University Health Science Center, Hamilton, Ontario L8S 4K1, Canada
d Department of Biochemistry, Institute of Chemistry, University of São Paulo, C.P. 26077, 05513-970 São Paulo, SP, BrazilAbbreviations: StI and StII, sticholysin I and II; PF
Sphingomyelin; EqtII, equinatoxin II; FraC, fragaceatoxin
Calorimetry; AFM, Atomic Force Microscopy; DMPC, D
DPPC, Dipalmitoylphosphatidylcholine; DOPC, Dioleoylp
sphingomyelin; Chol, cholesterol; MLV, multilamellar ve
vesicles; Tm, temperature of transition; ΔH, calorimetric
domain; Ld, liquid-disordered domain
⁎ Corresponding author. Tel.: +1 905 525 9140x22073
E-mail address: epand@mcmaster.ca (R.M. Epand).
0005-2736/$ – see front matter © 2013 Elsevier B.V. All r
http://dx.doi.org/10.1016/j.bbamem.2013.08.001a b s t r a c ta r t i c l e i n f oArticle history:
Received 6 May 2013
Received in revised form 30 July 2013
Accepted 2 August 2013







Toroidal poreSticholysins (Sts) I and II (StI/II) are pore-forming toxins (PFTs) produced by the Caribbean Sea anemone
Stichodactyla helianthus belonging to the actinoporin family, a unique class of eukaryotic PFTs exclusively
found in sea anemones. The role of lipid phase co-existence in the mechanism of the action of membranolytic
proteins and peptides is not clearly understood. As for actinoporins, it has been proposed that phase separation
promotes pore forming activity. However little is known about the effect of sticholysins on the phase separation
of lipids in membranes. To gain insight into the mechanism of action of sticholysins, we evaluated the effect of
these proteins on lipid segregation using differential scanning calorimetry (DSC) and atomic force microscopy
(AFM). New evidence was obtained reﬂecting that these proteins reduce line tension in the membrane by pro-
moting lipid mixing. In terms of the relevance for the mechanism of action of actinoporins, we hypothesize
that expanding lipid disordered phases into lipid ordered phases decreases the lipid packing at the borders of
the lipid raft, turning it into a more suitable environment for N-terminal insertion and pore formation.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Pore-forming toxins (PFTs) are primitive but lethal agents that
play an active role in the defense system of bacteria, plants, inverte-
brates, and vertebrates [1]. Sticholysins (StI and StII) are two potent
cytolysins puriﬁed from the sea anemone Stichodactyla helianthus
[2]. They are classiﬁed into the group of actinoporins, cytolytic poly-
peptides, exclusively found in sea anemones belonging to the protein
super-family of PFTs [3,4]. Actinoporins are soluble, cysteine-less
proteins, with molecular weight around 20 kDa and whose putative
receptor is sphingomyelin (SM) [4,5]. To date, the structures of
equinatoxin II (EqtII), an actinoporin puriﬁed from Actinia equina
[6,7], StI [8], StII [9], and fragaceatoxin C (FraC) produced by Actinia
fragacea [10] have been solved. These toxins contain a β-sandwich
core, ﬂanked on opposite sides by two α-helices. The mechanism of
pore formation proposed for actinoporins is based on an initial bindingTs, pore forming toxins; SM,
C; DSC, Differential Scanning
imyristoylphosphatidylcholine;
hosphatidylcholine; eSM, egg
sicles; SUV, small unilamellar
enthalpies; Lo, liquid-ordered
; fax: +1 905 521 1397.
ights reserved.step followed by oligomerization and membrane insertion leading to
pore formation [11]. The ﬁrst thirty N-terminal amino acid residues of
these toxins, which includes an amphipathic α-helix, is the most prob-
able sequence involved in membrane insertion [9–17].
The nature of the interaction between actinoporins and lipids in
membranes and, in particular, the speciﬁc role of SM in pore formation
are poorly understood. One remarkable characteristic of actinoporins is
the fact that their afﬁnity for membranes is greatly enhanced by the
presence of SM [18–22] and/or by the coexistence of lipid phases in
the target membrane [23–26]. Therefore, the role of SM, phase state of
lipid bilayers, and packing defects related to the occurrence of lipid
microdomains have all been claimed to modify the toxin's ability to
bind to the membrane, insert and subsequently cause pore formation.
In the present study,we investigated the effect of sticholysins on lipid
membrane organization. In spite of the high sequence homology existing
between both sticholysins (93%),we included both StI and II in this study
since the two proteins show different activities, which may be reﬂected
in their membrane binding properties [26]. We analyzed the effect of
the proteins on lipid phase separation on membranes using Differential
Scanning Calorimetry (DSC) and Atomic Force Microscopy (AFM).
These results provided further insight into the molecular mechanism of
action of actinoporins. Namely, we propose that sticholysins promote
the mixing of lipids from existing membrane domains, which could be
relevant to their oligomerization state, their N-terminus insertion into
the bilayer and subsequent pore formation.
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2.1. Lipids
Dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidyl-
choline (DPPC), dioleoylphosphatidylcholine (DOPC), egg sphingomyelin
(eSM), and cholesterol (Chol) were purchased from Avanti Polar Lipids
(Alabaster, USA) and were used without further puriﬁcation.
2.2. Sticholysin puriﬁcation
StI and IIwere puriﬁed from S. helianthus and characterized according
to Lanio et al. [2]. The fractions corresponding to each peak (StI and StII)
were concentrated and diaﬁltrated with distilled water or the required
buffer using an Amicon ultraﬁltration device equippedwith amembrane
whose cut-off was 1000 Da. Protein concentration was determined
employing absorption coefﬁcients of 2.13 and 1.87 mL mg−1 cm−1 at
280 nm for StI and StII, respectively [2].
2.3. Sample preparations for measurements in DSC and AFM
For DSC studies, lipid ﬁlms were made by dissolving appropriate
amounts of lipids in chloroform/methanol 2:1 (v/v) followed by solvent
evaporation under a stream of nitrogen to deposit the lipid as a ﬁlm on
thewalls of a tube. The tubewasplaced in a vacuumchamber for at least
2 h to remove the last traces of solvent. Dried ﬁlms were kept under
argon gas at −20 °C until used. Films were hydrated with 20 mM
PIPES buffer (1 mM EDTA, 150 mM NaCl, 0.002% NaN3, and pH 7.4) in
the presence or not of an appropriate amount of protein solution to ob-
tain a speciﬁc lipid to protein ratio, and vortexed extensively to make
multilamellar vesicles (MLV).
For the AFM studies, lipid stock solutions were mixed and dried in a
test tube by rotoevaporation for a minimum of 1 h. HEPES buffer
(10 mM HEPES, 150 mM NaCl, pH 7.4) was added, and the resulting
lipid mixture was sonicated using an ultrasonic bath (VWR 50D
Aquasonic) for 40 min at ~10 °C above than the highest transition tem-
perature of any of the lipid components.
2.4. DSC measurements
Calorimetric scans were carried out on a MicroCal VP-DSC differen-
tial scanning calorimeter (Massachusetts, USA), using the software sup-
plied by themanufacturer for data collection and analysis. The reference
and the sample solutions were degassed at room temperature prior
to scanning. The scan rate was 1 °C min−1 and there was a delay of
10 min between sequential scans in a series to allow thermal equilibra-
tion. The scanswere recorded in the presence and in the absence of pro-
tein using PIPES buffer as the reference. The excess heat capacity of the
samples was obtained by subtraction of the reference scan of buffer vs.
buffer from the scanof the sample vs. buffer. The resulting scanwas nor-
malized by dividing by the number of moles of lipids in the sample cell.
The temperature of transition (Tm) was measured as the maximum of
excess heat capacity and the calorimetric enthalpy (ΔH) was calculated
by integrating the peak areas. Gaussian two-peak ﬁtting analysis with
Origin 8.0 (OriginLab Corporation, USA) was performed to deconvolute
the thermographs obtained from binary mixtures in the absence of the
proteins.
2.5. In situ AFM measurements
A glass ﬂuid cell for the Nanoscope IIIA MultiMode AFM (Bruker
Nano Surfaces, Santa Barbara, CA, USA) was sealed on top of a freshly-
cleaved piece of mica using an O-ring to create a 200 μL sample com-
partment. HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 7.4) was
injected in order to ﬁll the ﬂuid cell. In parallel, liposomes were diluted
with HEPES to a volume of 500 μL and heated at 65 °C for 5 min. Theheated liposomes were injected into the ﬂuid cell and allowed to sit
for 30 min, after which 1 mL of HEPES was injected to remove unfused
liposomes. A 300 μL aliquot of HEPES buffer containing the protein of in-
terest at the desired concentration was injected into the ﬂow-through
ﬂuid cell. AFM images were acquired in ﬂuid tapping mode with a Dig-
ital Instrument MultiMode equipped with a Nanoscope IIIA controller
and operating under version 5.30R1 of the Nanoscope software
(Bruker), a “J” scanner having a maximum lateral scan size of 116 μm
by 116 μm (Bruker Nano Surfaces, Santa Barbara, CA, USA), and a SNL-
10 short, thin tip (Veeco Probes, California, USA). Images were collected
at a scan rate of 1 Hz, and scan angle of 0° as 512 × 512 pixel data sets.
The drive frequency was usually set between 7 and 10 kHzwith a drive
amplitude set point of 0.2–0.6 V.
2.6. Reproducibility of measurements
The DSC and AFMmeasurements were repeated at least once, giving
similar results. A representative set of data, run at the same time, is
presented.
3. Results
3.1. Inﬂuence of sticholysins on the phase transition of eSM, DPPC, and
DMPC pure lipids
Vesicles were composed of eSM, DPPC, or DMPC. eSM was select-
ed as one of the lipid compositions since this phospholipid has been
proposed as a putative receptor for actinoporins in the membrane
[4]. Additionally, DPPC and DMPC were used to compare the effect
of the proteins on the phase transition of other phospholipids having
similar or lower melting temperatures, respectively. DSC curves
obtained from heating cycles are presented as heat capacity per
mole of lipids (Fig. 1) and the measured Tm and ΔH parameters are
summarized in Table 1. Both pure eSM [27] and DPPC [28] are char-
acterized by a sharp gel to liquid-crystalline main phase transition
around 40 and 41 °C, respectively. However the eSM endotherm is
broader compared with DPPC. Although the acyl chain composition
of egg SM is highly enriched in C16:0 (84%) acyl chains, this natural
lipid also contains other acyl chains as well [29]. As with DPPC, the
pure synthetic DMPC undergoes a sharp gel to liquid-crystalline
phase transition at 24 °C, as previously described [30]. The addition
of sticholysins (lipid:protein ratio = 75) to the membrane did not
result in signiﬁcant transition temperature changes (within 0.1 °C)
nor variation of the enthalpy of the transition (by more than
1 kcal/mol) (Fig. 1, Table 1). For eSM vesicles, even at higher
sticholysin concentrations (lipid:protein ratio = 20), there was no
effect on the phase transition properties (data not shown). There
were also no signiﬁcant changes on subsequent heating and cooling
scans, indicating that the system was at equilibrium (data not
shown).
3.2. Inﬂuence of sticholysins on the phase transition of binary mixtures of
lipids
Binary mixtures (eSM:Chol, 9:1 and DPPC:Chol, 9:1) were select-
ed taking into account that Chol can promote phase separation in
phospholipid bilayers by altering the thermotropic phase behavior
and organization of glycero- and sphingo-lipids. This low amount
of Chol (10%) is enough for the detection of small domains in mem-
branes without losing the main transition of the phospholipids
[30]. Samples in the presence of Chol reached equilibrium after one
heating and cooling cycle. Therefore, only scans subsequent to the
ﬁrst heating and cooling cycle were analyzed. Thermographs corre-
sponding to gel to liquid-crystalline transition of eSM andDPPC bilayers
containing Chol are shown in Fig. 2a and b, respectively. The derived pa-
rameters (Tm andΔH) are summarized in Table 1. It is well know that
Fig. 1. DSC heating thermograms of MLV of phospholipids in the absence of cholesterol. Excess heat capacity (Cp) vs. temperature (°C) for a) eSM, b) DPPC or c) DMPC in the absence and
presence of sticholysins. Lipid concentration: 1 mM. Protein:lipidmolar ratio: 1:75. Sampleswere prepared by suspending lipids in PIPES buffer (20 mMPIPES, 140 mMNaCl, 1 mMEDTA,
pH 7.4) with or without the addition of sticholysins. Scan rate: 1 °C min−1.
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phase transition of phospholipids. Inclusion of low concentrations of
Chol into PC and SM membranes results in a bimodal gel-to-liquid-
crystalline phase transition, which can be deconvolved into two com-
ponents [31,32]. As has been described [30], deconvolution resolved a
lower temperature component commonly associated with the Chol-
poor domain, and a higher temperature component related with the
Chol-rich domain (Fig. 2a (inset) and b (inset)).
In eSM:Chol (9:1) bilayers, the characteristic transition of eSM
appeared to be shifted to lower temperatures (38.5 °C) (Figs. 1a, 2a
(inset) and Table 1). Moreover, the transition temperature of the higher
temperature component was almost identical to that of pure eSM
(Fig. 2a (upper inset) and Table 1). Additionally, the total enthalpy of
the mixture decreased almost 10-fold in comparison with the Chol-
freemembrane (Table 1). In contrast, DSC curves in the presence of pro-
teins were characterized by having only one transition peak around
39 °C, with no changes in the total enthalpy of the observed transition
(Fig. 2a, Table 1).
With respect to theDPPC:Chol (9:1)mixture, the lower temperature
transition is assigned to the Chol-poor PC domains, which appeared atTable 1
Effect of sticholysins on the chain melting transition parameters of pure lipids and binary
mixtures.
Lipid Protein Tm (°C) ΔH (kcal mol−1)
eSM – 40.1 3.9
StI 40.0 4.5
StII 40.1 4.0
DPPC – 41.0 7.8
StI 41.0 7.6
StII 41.0 8.8
DMPC – 23.9 4.1
StI 24.0 4.4
StII 24.0 4.5
eSM:Chol – 38.5 and 40.3 0.4
(9:1) StI 39.0 0.5
StII 39.0 0.7
DPPC:Chol – 39.8 and 40.8 1.4
(9:1) StI 39.1 1.8
StII 40.1 1.7
DMPC:eSM – 31.2 and 34.1 3.0
(1:1) StI 32.9 5.2
StII 32.4 3.8
Lipid concentration was 1 mM and protein:lipid ratio 1:75. Samples were prepared by co-
dissolving proteins and lipids in buffer PIPES (20 mM PIPES, 140 mM NaCl, 1 mM EDTA,
pH 7.4). Scan rate: 1 °C min−1. Tm is the temperature at which the chain melting
transition takes place and ΔH is the total enthalpy of the transition per mol of
phospholipid present. For binary mixtures, the values correspond with a heating scan
obtained after reach equilibrium by a previous heating and cooling cycle. Two values of
temperature correspond with different transitions obtained after the deconvolution of
the thermograms.39.8 °C, and the high temperature component is assigned to themelting
of the Chol-rich PC domains at 40.8 °C (Fig. 2b (inset) and Table 1). The
overall main enthalpy of the mixture decreased almost 5-fold in com-
parison with the Chol-free membrane (Table 1). Similar to what hap-
pened with eSM:Chol (9:1), the addition of protein clearly reduced
the phase separation of DPPC:Chol (9:1) membranes as evidenced by
the disappearance of the two components in the endotherms, resulting
in a single transition around 40 °C. No relevant changes in the total en-
thalpy of the process were detected in the presence of the proteins
(Fig. 2b and Table 1).
Additionally, we investigated the effect of proteins on an equimolar
mixture of PC and SM, also used in actinoporin studies [5]. For this, we
chose DMPC, a phospholipid with the same polar head group but with
shorter fatty acid chains and hence less ordered instead of DPPC, in
order to assess the effect of membrane packing defects and/or phase
separation on proteins interaction with lipids. Another reason to select
DMPC instead of an unsaturated lipid (like DOPC) lies in the fact that
phase separation is easier to detected by common DSC when using
lipids with Tm higher than 0 °C, such as DMPC. Pure DMPC and pure
eSM peaks were relatively sharp and cooperative as expected (Fig. 1).
However, lipid mixing promoted an increase of the breadth and asym-
metry of the endotherms (Fig. 2c) as well as a slight decrease in the en-
thalpy of the transition (Table 1). Moreover, we did not clearly resolve
two transition components in the ﬁrst heating scan (data not shown)
but the shape of the peak indicated the existence of at least two
overlapping endotherms from different lipid populations, most likely
one of them enriched in DMPC and the other in eSM. The separation
of components becamemore deﬁned in subsequent heating and cooling
scans, as previously observed by Chiu et al. [29]. Endotherms obtained
in the second heating scan, upon reaching equilibrium, are shown in
Fig. 2c. After deconvolution, transitions clearly appeared at 31.2 °C and
34.1 °C (Fig. 2c (inset)). Addition of protein resulted in a merging of
the peaks with the formation of a more cooperative transition at
~32.6 °C. Furthermore, changes of more than 1 kcal mol−1 in the total
enthalpy of the process were not observed except for StI (Fig. 2c and
Table 1).
3.3. Effect on membrane domains
In situ AFM studies of sticholysin with DOPC:eSM:Chol (1:1:1) to
mimic the composition of a red blood cell membrane [33–35] were
performed. This lipid mixture has frequently been used to study the co-
existence of liquid-ordered (Lo) and liquid-disordered (Ld) domains
[35]. This membrane composition was also selected not only in order
to be more representative of biological systems but also to overcome
the limitation of DSC on detectingmembrane domains in highly hetero-
geneous systems. TheDOPC:SM:Chol bilayer separated into two observ-
able phases: the DOPC-rich Ld, and the SM/Chol-rich Lo. Before protein
Fig. 2. DSC heating thermograms of MLV of the binary mixture of PC:SM or phospholipids:Chol. Excess heat capacity (Cp) vs. temperature (°C) for a) eSM:Chol (9:1), b) DPPC:Chol (9:1)
c) DMPC:eSM (1:1) in the presence or absence of sticholysins. Lipid concentration: 1 mM. Protein:lipid ratio: 1:75. Samples were prepared by suspending lipids in PIPES buffer (20 mM
PIPES, 140 mMNaCl, 1 mMEDTA, pH 7.4) with orwithout the addition of sticholysins. Scan Rate: 1 °C min−1. Second heating scans obtained after a heating and cooling cycle are shown.
Inset: deconvolution of the thermograms corresponding to the lipids alone.
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than the surrounding DOPC-enriched phase (Fig. 3a, upper and lower),
which corresponds well with previous results [36–38].
After binding to the bilayer, both proteins appeared to further inte-
grate into the model membrane over time. Regions within the areas of
protein addition simultaneously lowered and became smoother. Pro-
teins that initially extended multiple nanometers above the liquid-
disordered phase produced a surface that was less than a nanometer
taller than the original membrane. However, we could not distinguish
individual molecules inserted into the membrane but the appearance
of “small blobs” in theﬁrst image after toxin addition could be represen-
tative of the initial binding events. Regardless, it is clear that upon pro-
tein addition, both StI and StII clearlymodiﬁed themembrane structure.
The effect started as a change in texture of the Ld domain, and Lo do-
mains decreased in size (Fig. 3b, upper). Different regions within the
membrane became smoother over time producing a surface with less
than a nanometer height mismatch between domains. Additionally,Fig. 3. Representative AFM images resulting from the remodeling of DOPC:eSM:Chol (1:1:1) m
Chol (1:1:1). Upper row: StI. Elapsed time: (a) before addition, and (b) 10 min, (c) 2.5 h, and
(c) 1 h, and (d) 1.5 h after addition. The white asterisk indicates a ﬁduciary point. The incuba
along a continuous imaging experiment are shown. The arrows indicate the position of the hewe detected a loss of regular shape of the domain borders (upper
Fig. 3c and d; lower Fig. 3d). The inﬂuence of StI and StII on the mem-
brane shows that the steady-state effect was quite similar for both
proteins.4. Discussion
Both binding and pore-formation steps by actinoporins are critically
dependent on the physicochemical nature of the membrane [26,39].
Thus, this investigation was aimed at gaining insight into the inﬂuence
of sticholysins on membrane lipid rearrangement. For actinoporins, it
has been widely accepted that binding to membranes is favored both
by the presence of SM and the occurrence of membrane surface defects
due to non-ideal lipid packing [19,23–25]. To test this hypothesis, we
employed DSC and AFM as complementary techniques that allow for
the evaluation of different membranes containing domain systems.embranes by sticholysins. Protein concentration: 0.25 μM. Lipid composition: DOPC:SM:
(d) 3.5 h after addition. Lower row: StII. Elapsed time: (a) before addition, and (b) 0.5 h,
tion period for both proteins was the same although only representative sampling points
ight data analysis points shown in the section analysis below the ﬁgures.
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the phase transition of membranes is greater for the binary DMPC:SM
mixture, in contrast with the single component systems where there
is essentially no effect on the phase transition (Table 1). The increase
in the Tm in binary system in contrast to pure lipids is consistent with
previous results obtained by DSC with the related protein EqtII [40].
However, the absence of binding to pure eSM contrasts with the as-
sumption that SM alone is enough for protein binding [41,42] and olig-
omerization [42]. The discrepancy between our observations and those
previously obtained by assessingprotein binding to SMbyWestern blot,
ELISA, or NMR, is possibly due to the different experimental approaches.
We cannot rule out that data obtained by DSC might underestimate the
binding of sticholysins to SM taking into account the low Tm shift ob-
served even in binary systems. In spite of this contradiction, it is clear
the effect of sticholysin binding on membrane domains is reﬂected in
the shape of the thermographs wherein the phase transition peaks ap-
pear to fuse into a single one in the presence of the proteins (Fig. 2c
and Table 1). This was attributed to a lipid mixing effect promoted by
both proteins.
It has also been observed that Chol in the presence or the absence
of SM increases actinoporin's membrane binding and permeabilizing
activity [19,20,23,43]. In this study, Chol addition also resulted in StI
and StII causing larger effects in the phase transition of DPPC- or SM-
containing vesicles (Figs. 1a and b, 2a and b, Table 1), as a result of
both sticholysins increasing the miscibility of Chol with SM or
DPPC. The vesicles containing Chol clearly phase separate but protein
addition leads to a merger of phases, promoting the formation of
a more structurally homogeneous membrane (Fig. 2a and b). The
protein's inﬂuence on membrane structure was supported by varia-
tions in the thermograph shapes, which revealed the disappearance
of two transitions. As it happens for DMPC:eSM (1:1) liposomes, the
main transition in the presence of sticholysins was observed be-
tween the higher and lower temperature of the deconvoluted com-
ponents corresponding to the binary mixture of lipids in the
absence of sticholysins. The results obtained by DSC on binary mix-
tures comprising eSM:Chol (9:1), DPPC:Chol (9:1), and DMPC:eSM
(1:1) stress the importance of lipid heterogeneity and phase separa-
tion for StI and II binding and revealed their effect on membrane do-
main mixing.
As revealed by AFM, two separate stages occurred upon the addition
of StI or StII to the membrane. First, the protein binds to the membrane
promoting changes in both the Lo and Ld domains. Secondly, the em-
bedded protein promotes a reduction in line tension between Lo and
Ld domains as evidenced both by a decrease in the domain mismatch
and changes in domain morphology (Fig. 3). In contrast to Mancheño
et al. (2006) who visualized the crystal form of StII on lipid monolayers
by AFM [44], we were unable to resolve individual pores. Differences in
sample preparation would explain this contradiction, mainly due to the
fact that we did not obtain a crystalline structure of StII oligomer in the
bilayer. It is important to recognize thatwe are tracking the dynamics of
StII association and the formation of individual structures at concentra-
tions far below that necessary to induce two-dimensional crystalliza-
tion. In fact, this has been one of the main problems for structurally
characterize α-PFTs pores with high resolution [45]. However, the
lipid mixing detected by DSC was also seen by AFM. In fact, this mixing
could have probably favored the protein insertion into the membrane
forming the observed smooth layer (Fig. 3c and d). Such an effect has
been proposed for other pore-forming molecules, including antimicro-
bial peptides, pore forming proteins, and detergents [46]. In fact, in a
study of the pro-apoptotic protein Bax, García-Sáez et al. [46] proposed
that a decrease in line tensionmay be a general strategy of pore-forming
peptides and proteins. Therefore, our results add new lines of evidence
regarding the ability of different membranolytic proteins to decrease
membrane domain line tension. This may represent a common mecha-
nism of action for these peptides, rendering insertion and stabilization
of an open-pore state energetically favorable.The role of lipid phase coexistence in the mechanism of action of
actinoporins has not been well established. For example, it has been
proposed that phase separation promotes pore forming activity by
acting as concentrating platforms. However, the tight molecular
packing and acyl chain within Lo domains may create a locally or-
dered environment that does not readily favor protein insertion
and pore formation. In fact, proteins and peptides preferentially
bind to interfaces and function as detergents, reducing line tension
and leading to domain dispersion [47]. The results herein obtained
are in agreement with this latter hypothesis. Both DSC and AFM
data suggested that sticholysins decrease line tension between lipid-
ic phases, which could promote the formation of more suitable disor-
dered regions (i.e. more disorded than the so-called raft Lo domains)
for N-terminus insertion and pore formation by sticholysins.
Concluding remarks
The results obtained in this investigation add support to the no-
tion that binding to membranes by actinoporins is enhanced by the
presence of membrane defects and/or the phase coexistence of lipids
in the bilayer. One hypothesis, sustained over the last few years, as-
sumes that such defects might act as binding sites for actinoporins, a
strategy exploited by other membranolytic polypeptides, such as anti-
microbial peptides and pore-forming toxins. Our results indicated that
sticholysins decrease line tension between phases, possibly inducing
an asymmetric Lo/Ld bilayer that could be a suitable platform for pore
formation.
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